A small Prorocentrum species was found during a pilot taxonomic survey of marine benthic dinoflagellates in the northwestern Arabian Sea, Oman. Based on the study of cells from natural samples and laboratory cultures using light and scanning electron microscopy, this taxon is attributed to the little-known Prorocentrum sipadanense, recorded so far only from East Malaysia. The description of this species has been emended to include details of internal cell structure, composition of its periflagellar area and intraspecific variability in size, shape and pore pattern. Round to oval or ovoid cells of P. sipadanese are surrounded by a prominent marginal ridge and are 17.9-23.9 µm long and 15.0-19.8 µm wide, with a foveate to reticulate thecal plate surface and asymmetric and scarce pore pattern. The small, V-shaped periflagellar area is composed of nine platelets. Cells possess two goldenbrown chloroplasts with a central starch-sheathed pyrenoid and small posterior nucleus. In addition, the phylogenetic position of this taxon in Prorocentrum was revealed for the first time based on SSU and LSU rDNA data. The presence of P. sipadanense among epiphytic dinoflagellates from the Omani coast constitutes its first report from the Indian Ocean.
Prorocentrum Ehrenberg have been shown to be an important integral part of the benthic dinoflagellate assemblages in shallow marine ecosystems worldwide (e.g., Faust, 1990; Marasigan et al., 2001; Faust et al., 2005; Mohammad-Noor et al., 2007; Saburova et al., 2009; Shah et al., 2013; Okolodkov et al., 2014) . Over the last decades, benthic Prorocentrum species have been the subject of active research because of their potential toxicity with harmful effects on other marine organisms and human health (e.g., Faust & Gulledge, 2002 and references therein; Maranda et al., 2007) .
To date, about thirty species of benthic Prorocentrum have been described, however, in some cases their taxonomy and phylogeny have been explored to a limited degree (Hoppenrath et al., 2013) . In contrast to a few widely distributed and rather well studied species, including P. lima (Ehrenberg) Stein, P. emarginatum Fukuyo, P. rhathymum Loeblich III, Sherley et Schmidt, P. concavum Fukuyo, P. belizeanum Faust, and P. hoffmannianum Faust (e.g., Larsen & Nguyen, 2004; Faust et al., 2005; Mohammad-Noor et al., 2007; Herrera-Sepúlveda et al., 2015) , many benthic Prorocentrum remain scarcely documented or only known from their original descriptions. Among these species, P. sipadanense Mohammad-Noor, Daugbjerg et Moestrup was originally described based on morphology of a few preserved cells isolated from the Malaysian coastal area (as P. sipadanensis, Mohammad-Noor et al., 2007) . Because of limited material to a few cells and examination under a scanning Recently, a minute Prorocentrum species was found during the pilot survey of benthic dinoflagellates along the Omani coast in the Arabian Sea, northern Indian Ocean. Based on its size, shape and characteristic pore pattern, it has been attributed to P. sipadanense. The diagnosis and description of P. sipadanense are emended herein to include the newly obtained details of its size range, morphological variability and internal structure of living cells on the basis of light and scanning electron microscopical observations. In addition, a molecular characterization has been performed to infer the phylogenetic position of P. sipadanense based on SSU and LSU rDNA data.
Materials and Methods

Sampling
Pilot taxonomical survey of the benthic dinoflagellate assemblages was performed at the Arabian Sea coast along Dhofar Governorate of the Sultanate of Oman at the end of winter monsoons in February 2014. The coastline of Dhofar is composed of extensive high cliffs alternating with shores of fine sands. For the Arabian Sea coast during the period of winter monsoons (December-February), the sea surface temperature typically F o r P e e r R e v i e w O n l y 5 ranges from 23 to 28°C. Salinity of the surface waters is within range of 35.3-36.7 (e.g., Rixen et al., 2000) .
Macroalgal thalli and surrounded sediments were collected in the vicinity of Salalah City at two sampling sites on the 24 th and 25 th of February 2014. The first sampling site was located to the westward of Salalah near Mirbat village at 16º58′03.8′′N, 54º42′00.3′′E in small semi-enclosed lagoon, where two macroalgal and five sediment samples were collected. The second site was located to the eastward of Salalah at 16º49′31. 6′′N, 53º42′14 .1′′E at open ocean shore, where six macroalgal and eight sediment samples were collected. Material was sampled in the upper subtidal zone from depths of 1.5-3 m during snorkeling by diver. Macroalgal thalli were sampled by hand; the upper layer of the bottom sediments was scraped to a depth 0.5-1 cm using 50 ml Falcon tubes. The water temperatures ranged between 26-27ºC during sampling.
Sample processing
Macroalgal thalli were shaken vigorously in plastic bottles with filtered seawater to detach epiphytic dinoflagellates. The samples were then passed through a 250 µm mesh sieve to remove large particles and then filtered on 20 µm mesh sieve to concentrate the dinoflagellate cells. The sand-dwelling dinoflagellates were separated from the sandy sediment by extraction using the frozen seawater method (Uhlig, 1964) 
Light and scanning electron microscopy
For detailed observation, cells from either mixed natural samples or cultures were isolated by micropipetting in preparation for high-magnification photomicroscopy, and were then examined at 630× to 1000× magnification with Leica DM2500 (Leica, Wetzlar, Germany) light microscope (LM) equipped with epifluorescence (100 W short arc mercury lamp), differential interference contrast (DIC) optics, and Leica DFC320 digital camera. LM observation of the thecal surface was performed on cells stained with Calcofluor White (Sigma Chemical Co.) according to the method of Fritz & Triemer (1985) . Autofluorescence of the chloroplasts was generated using an excitation wavelength of 568 nm. (15, 30, 50, 70, 90, 95 and 100%) . The filters were critical point dried, sputter-coated with gold-palladium and examined either by Tescan Vega-3 or by LEO Supra 50VP scanning electron microscopes with an electron acceleration of 5 kV. Alternatively, cells were prepared according to Chomérat & Couté (2008) and examined using a Quanta 200 (FEI, Eindhoven, the Netherlands) SEM. The SEM photographs were presented on a uniform background using Adobe Photoshop CS2, v. 9.0.2 (Adobe Systems, San Jose, CA, USA).
Morphometric measurements and nomenclature
Morphometric measurements were made either from the calibrated digital LM images using Leica Application Suite v. 3.7 software (Leica Microsystems Ltd, Switzerland) or were calculated from scanning electron micrographs. Cell dimensions were measured in two cells from the natural sample and in 30 cultured specimens. Dimensions are given as the mean ± standard deviation; n -number of measurements. Platelets of the periflagellar area were labeled following newly proposed nomenclature (Hoppenrath et al., 2013) . The original species epithet 'sipadanensis' was modified according to article 32.7 of the International Code of Botanical Nomenclature (McNeill et al., 2006) following Hoppenrath et al. (2013) . 
DNA amplification and sequencing
One to five cells from the culture were isolated with a micropipette under an inverted microscope (Olympus IX51, Tokyo, Japan), rinsed in drops of distilled water, and then placed into 0.2 mL PCR tubes containing about 3 µL of double-distilled water. The tubes were stored at -20°C until amplification. For PCR reaction, the tubes were thawed and the PCR Master Mix (Promega, Madison, WI, USA) and 25 pmol of each primer were added, as described previously in Nézan et al. (2012) . The PCR products were purified using the Wizard SV Gel and PCR Clean-up system (Promega) according to the manufacturer's recommendations. Sequencing was realized using ABI PRISM Big Dye
Terminator Cycle kit (Life Technologies, Carlsbad, CA, USA) and the purification kit
Montage SEQ Sequencing Reaction Cleanup (Millipore, Billerica, MA, USA). The sequences were determined with an automated 3130 genetic analyzer (Applied Biosystems, Carlsbad, CA, USA).
Phylogenetic analyses
Phylogenetic analyses were realized separately for the small and large ribosomal DNA.
For the SSU, the sequence of P. sipadanense was aligned together with 33 SSU sequences of other Prorocentrum species and 4 sequences of other dinoflagellates (as outgroup) retrieved from GenBank using the multiple sequences aligner SINA (Pruesse et al., 2012) . The SSU data matrix comprised 38 SSU rDNA sequences and 1719 characters. For LSU, the sequence of P. sipadanense was aligned together with 31 LSU sequences of other Prorocentrum species and 2 sequences of Scrippsiella (as outgroup) On the 2 × 10 4 trees obtained, the first 2000 were discarded (burn-in) and a consensus tree was constructed from the remaining trees. The posterior probabilities corresponding to the frequency with which a node is present in preserved trees, were calculated using a coupled Monte Carlo Metropolis approach -Markov Chain (MCMC).
Results
During the course of our pilot taxonomic survey on the benthic dinoflagellates assemblage in the coastal area of the Sultanate of Oman, we found a small Prorocentrum species that highly resembles P. sipadanense, a species known so far only from the shore of the Sipadan Island in the western Pacific Ocean, East Malaysia (depth), and 7.3-9.3 µm thick (mean 8.51 ± 0.68, n=6; measured as the length of the dorso-ventral axiswidth in intercalary band view), with the length to width ratio varying from 1.13 to 1.45 (mean 1.22 ± 0.06, n = 24). Cell shape is oval to ovoid, with asymmetrical oblique truncated apex 14, 17, 21, 25) . In right thecal view, the dorsal edge of apex appears to be roundly truncated and lower than the slightly pointed ventral edge 14, 17, 21) . The antapex is widely rounded. Right thecal plate is Thecal plate surface is foveate to somewhere reticulate, and is ornamented with small, shallow and closely appressed depressions (Figs 12, 13, 15, 18, (21) (22) (23) (24) (25) (26) (27) ). ridge is wide and smooth (Figs 13, 17, 18, (21) (22) (23) 26) .
The periflagellar area is small, wide V-shaped and located in apical indention of the right thecal plate (Figs 2, 14, 17, 19, 20, (21) (22) (23) (24) . It is composed of nine small platelets, namely, 1, 2, 3, 4, 5, 6a, 6b, 7 and 8 (Fig. 20) . The flagellar pore is large, oval 
Phylogenetic position
Both phylogenies inferred from SSU and LSU showed that the sequences of P.
sipadanense are not closely related to any other Prorocentrum sequences available. In the SSU tree ( Fig. 31) , this species forms a new branch basal to the clade comprising most of symmetric and benthic species but with a low support. In the LSU tree, P.
sipadanense clusters with P. borbonicum Ten-Hage, Turquet, Quod, Puiseux-Dao & A.
Couté, another small benthic Prorocentrum species, with a strong posterior probability in BI but only a moderate support in ML (Fig. 32) . The position of the clade formed by these two species is however not supported and it cannot be confirmed that it is related to symmetric/benthic species from the LSU phylogeny.
Discussion
The original description and illustrations of Prorocentrum sipadanense were based solely on a SEM observation of two preserved cells (Mohammad-Noor et al., 2007; Hoppenrath et al., 2013; N. Mohammad-Noor pers. comm.) , and therefore were focused on the cell size, shape and thecal surface, with lacking details on cytoplasm content. -Noor et al., 2007) . Since its discovery, the species was considered as rare and little-known due to its scarce description and lack of further trustworthy records (Hoppenrath et al., 2013) .
In this paper we present a detailed reinvestigation of a taxon, which we interpreted as conspecific with that described by Mohammad-Noor et al. (2007) as P.
sipadanense. Our new observations added previously unreported details to the original description of this species regarding the cell shape, asymmetry of the apical end, the structure of the periflagellar area, the thecal surface ornamentation and pore sizes, the presence and shape of the chloroplasts and pyrenoids, and the nucleus localization based on observations of alive and preserved cells by LM and SEM. The greater number of specimens examined allowed us to document variability in cell shape and size, and in thecal surface ornamentation. Furthermore, the phylogenetic position of P. sipadanense among the other Prorocentrum species has been revealed for the first time based on the molecular analyses of the established cultures.
The main characters for species discrimination within the genus Prorocentrum are based on cell shape and size, thecal surface and intercalary band morphology, and structure of the periflagellar area. Among the Prorocentrum species, the presence or absence and organization of pyrenoids are given taxonomic importance (e.g., Hoppenrath et al., 2013) .
The taxon reinvestigated here corresponds well with the original description of P. sipadanense (Mohammad-Noor et al., 2007) in respect of its small size and characteristic pore pattern, although it differs in details of cell shape and thecal plates (Fig. 12 a, b in Mohammad-Noor et al., 2007) , however this character has been omitted in the original description of P. sipadanense.
Although traditionally the shape and size of valvecell are considered among the main morphological criteria in taxonomy of Prorocentrum, it has been shown recently that these features can be the subject to a high variability in some Prorocentrum species (e.g., Nagahama et al., 2011; Hoppenrath et al., 2013) . Revealed distinctions in the cell shape and asymmetry in P. sipadanense from Oman compared to the type material can be interpreted by intraspecific variability in this species. Actually, some slight asymmetry in the apex is discernible from the provided SEM images of the holotype specimen ( Fig. 12a in Mohammad-Noor et al., 2007) . In the current observations, this species appeared to be morphologically variable. In senescent cultures, two different morphotypes corresponding either to larger and asymmetrical motile cells or smaller and rounded nonmotile specimens were observed (Fig. 28 ).
One more difference of our material compared with holotype of P. sipadanense concern the thecal surface ornamentation when it was viewed by SEM. As visible in the provided SEM images of type material (Fig. 12 in Mohammad-Noor et al., 2007) , on the thecal surface of P. sipadanense the depressions possessing pores are deeper depressions with or without pores was observed in our material. We suppose that this discrepancy between images provided in the original description of P. sipadanense and those obtained from our material can be considered as an artifact in the preparation for SEM. Probably, the thecal surface of the type material looks more raised in SEM images due to a very thin unremoved mucilage layer or outer membranes.
The pore pattern on the thecal surface is traditionally considered as one of the most important taxonomic character in the genus Prorocentrum (e.g., Steidinger & Tangen, 1996; Faust et al., 1999; Hoppenrath et al., 2013) . The pore pattern of P.
sipadanense has been shown to be composed of scarce and asymmetrically scattered valve pores except the cell centre of thecal plates and uneven row of marginal pores (Mohammad-Noor et al., 2007) . This combination is unique among the existing Prorocentrum species. Given this characteristic pore pattern, our material can be attributed to P. sipadanense. Some observed variability in the number of pores in the Omani specimens in comparison with type material (Table 1) may be caused by differences in cell size or age.
Relatively small periflagellar area is commonly the most complicated issue in taxonomy of Prorocentrum, however, the structure of this area including the number, shape and composition of small platelets is an important taxonomic character (e.g., Faust et al., 1999; Hoppenrath et al., 2013) . As originally described and subsequently interpreted, wide V-shaped periflagellar area of P. sipadanense possesses large flagellar and smaller accessory pores surrounded by eight platelets (Mohammad-Noor et al., 2007; Hoppenrath et al., 2013) . Moreover, the composition of periflagellar area in P.
sipadanense was previously considered as exception to the typical structure of the (Hoppenrath et al., 2013) . Based on detailed observation of the periflagellar area in Omani strain of P. sipadanense by LM (epifluorescence) and SEM, nine platelets (1 2 3 4 5 6a,b 7 8) were discerned in the present study for the first time. Additionally, similarly to other Prorocentrum species the fifth platelet was found to be dislocated from eighth but was connected with 3, 4 and 6a.
During morphological observations on the living cells of P. sipadanense in this study, some new features of itstheir internal morphology were observed such as the presence of two chloroplasts associated with centrally located pyrenoids surrounded by starch sheath as well as posterior position of nucleus was shown. In some cells, anterior pusule was observed. The revealed internal structure of Omani strain of P. sipadanense can be considered as the typical for most benthic Prorocentrum.
Most of the benthic Prorocentrum species vary in size from 30 to 55 µm, and only a few species are much smaller including P. borbonicum, P. elegans Faust, P.
formosum Faust, P. norrisianum Faust et Morton, and P. sipadanense (Hoppenrath et al., 2013) . Probably because of their small sizes, these species may have been overlooked or misidentified during the most of taxonomic surveys on benthic dinoflagellates worldwide; therefore, the small-sized Prorocentrum species are rarely recorded and scarce documented in literature.
Among the small-sized species, P. sipadanense and P. borbonicum are the most morphologically similar to each other in terms of the cell size and the ornamentation of thecal surface ( In performed phylogenetic analyses, P. sipadanense is related to species potentially known as toxic. In the SSU rDNA phylogeny, it is basal to the clade of benthic Prorocentrum species of which several are known to produce DSP toxins, including P. hoffmannianum, P. lima, P. concavum, P. faustiae Morton, and P.
maculosum Faust (e.g., Faust & Gulledge, 2002; Moestrup et al., 2015) . In the LSU rDNA phylogeny, P. sipadanense groups with P. borbonicum isolated from Réunion Island, which has been shown to be a producer of neurotoxic compounds that exhibited palytoxin-like effects (Ten-Hage et al., 2000 , 2002 . Later the toxicity of P. borbonicum has been confirmed in strain isolated from the Mediterranean Sea (Aligizaki et al., 2009 ). Based on the revealed phylogenetic relationships of P. sipadanense, this species could be considered as potential phycotoxin producer; however, further studies to confirm this hypothesis are required. In the type locality, P. sipadanense has been rarely found among the epiphytic dinoflagellates occurring on seagrasses (Mohammad-Noor et al., 2007) . Similarly, in this study the species was occasionally found associated with macroalgae in Oman.
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